An experimental study is reported on the purification of helium gas from a ternary mixture of helium (30 mol%), nitrogen (60 mol%) and oxygen (10 mol%) employing a single-column Pressure Swing Adsorption (PSA) process. Appropriate adsorbents were selected for effecting this separation by exploiting adsorption equilibrium isotherm and breakthrough measurements in order to choose the optimum operating conditions for the PSA process. The adsorption and breakthrough characteristics for the pure gas as well as for the mixed gases were also examined. The pure gas adsorption isotherms were obtained employing a static method, while mixed gas adsorption studies were undertaken using a volumetric chromatography technique. Computer simulations, along with breakthrough experiments, were performed to study the adsorption dynamics and thereby identify suitable operating parameters as well as vessel dimensions. Based on these data, a single-column PSA system has been developed for the separation of helium gas. The selection of adsorbent, effect of feed pressure, flow rate and cycle time related to the process performance has been established. It was noted that employing an adsorbent such as LiLSX at a flow rate of 2 ᐉ/min, a working pressure of 500 kPa and a feed time of 180 s appears to be appropriate for obtaining 98.3% pure He with 65% recovery for the column dimensions chosen.
INTRODUCTION
Because of its unique thermo-physical properties, helium gas has found significant uses in diverse strategic fields. Examples of some of the more important areas of its application include cryogenic technology, laser physics, MRI, and super-conducting and semi-conductor technology. The present work was undertaken to purify He from a synthetic gas mixture consisting of 30 mol% He, 60 mol% N 2 and 10 mol% O 2 .
Research and developmental efforts are continuously underway to find more efficient and cost-effective methods for recovering He from gas mixtures, particularly from gases where He is present in very small concentrations. Bulow and Kapoor (1996) have described a process for separating He from gases where the He concentration was ca. 50-90% by volume. However, very little information is available in the field of He recovery from natural gas containing 10 mol% He or less. D' Amico et al. (1996) have reported the development of a good He recovery system capable of concentrating 10 mol% He to a level of 98 mol% from a gas mixture by adsorption methods. However, the separation of He from a mixture containing impurities as high as 70 mol% through adsorption methods has proved to be a challenging task for scientists and engineers. Recently, a PSA-based He purification plant for extracting the lean amounts of He present in natural gas has been built and installed at Kuthalum, Tamilnadu, India. Natural gas contains only 0.06 mol% He and a product purity of 99 mol% He was achieved via a four-stage PSA system (Das et al. 2008) .
In order to achieve an optimum performance for the adsorption column, it is of immense importance to understand the adsorbent-adsorbate interactions occurring, in terms of both the thermodynamics and kinetics of the processes. The dynamics of an adsorption column are influenced by several factors, including its geometry, operating scheme and conditions, the characteristics of mass transfer, the effects of adsorption heat and the type of adsorption equilibrium isotherm involved. In the present study, adsorption equilibrium isotherms for the pure gases and for a gaseous mixture were obtained for a lithium-exchanged low-silica (Si/Al = 1.0), X zeolite (LiLSX) and a carbon molecular sieve (CMS). Such isotherms were then employed to study the effect of competitive adsorption amongst the constituent gases and thereby establish their suitability for He purification. LiLSX is a synthetic crystalline aluminosilicate with a regular micropore structure. The zeolite possessed a faujasite-type structure (FAU) with a pore size of 9 Å. The material was obtained from M/s Chemiewerk Bad kostritz, GmbH. Table 1 summarises the textural characters of the adsorbents. This paper describes the experimental results obtained concerning the adsorption characteristics of N 2 and O 2 from a ternary mixture onto LiLSX and CMS employing a volumetric chromatography method. Langmuir constants, surface diffusion coefficients, mass-transfer coefficients and separation factors were estimated from the pure gas adsorption isotherms. Breakthrough measurements were also carried out for the ternary mixture. Such measurements were conducted at various flow rates and different feed pressures. The objective of the study was to understand the adsorption characteristics of N 2 and O 2 onto LiLSX and CMS from the pure as well as from the mixed phase with helium gas, and to develop a single-column PSA system relevant to He separation from ternary mixtures.
EXPERIMENTAL

Single-component gas adsorption experiment
A single-component gas adsorption experiment was been performed employing a BELSORP-HP instrument (BEL Japan Inc.) to obtain the equilibrium parameters and adsorption capacities of different adsorbents towards nitrogen gas and oxygen gas. For precise measurements of the adsorption isotherms, the LiLSX sample was pretreated at 200 o C for 4 h. Both the gas and moisture adsorbed onto the surface were removed without de-naturising the sample. After such treatment, the sample was placed in a VCR sample cell (6.1 mᐉ, Swagelok) and connected to the apparatus via SS tubing and a VCR metal seal. In the volumetric method, the adsorption volume was calculated from the change in gas pressure in the measurement system employing equation (1):
(1)
The correction for non-ideal gas behaviour was undertaken using equation (2):
(2) where a (O 2 = -6 × 10 -9 , N 2 = -2 × 10 -9 ), b (O 2 = 1 × 10 -16 , N 2 = 2 × 10 -16 ) and c (O 2 = 6 × 10 -24 , N 2 = 4 × 10 -24 ) are the second, third and fourth virial coefficients, respectively. By making use of these pure gas isotherms, we have derived the Langmuir constants, the surface diffusion coefficients and the mass-transfer coefficients using dedicated software (Bel Dyna).
Multi-component gas adsorption experiment
A volumetric chromatographic apparatus (BELSORP-VC, BEL Japan Inc.) with an advanced and versatile configuration relative to that used by Miller et al. (1987) was used to determine the multi-gas adsorption characteristics. A schematic representation of the apparatus employed is shown in Figure 1 . The test adsorbents employed were LiLSX and CMS while the adsorbate consisted of a mixture of He, N 2 and O 2 (30 mol% He, 60 mol% N 2 , 10 mol% O 2 ). It was hoped that the multi-component adsorption equilibrium study would reveal the competitive adsorption features of the individual gas species in the presence of the other gases in the mixture.
Prior to obtaining the mixed gas isotherm, the instrument performed a calibrated gas-mixing operation before introducing the resulting mixture into the sample cell. The compressibility factors of the respective gases in the mixture were determined for the operating pressure in order to obtain the actual behaviour of the gaseous mixture. To determine the pressures of the non-ideal gases in a mixed phase from the number of moles, the quantities +a, +b and +c in equation (2) need to be replaced by -a, -b and -c, respectively. The SS-sample cell (6.1 mᐉ) was placed in a thermostatic chamber which could be set at any temperature within the range 10-60 o C with an accuracy of ± 0.5 o C. The apparatus was leak-tested at pressures up to 3000 kPa. Two digital pressure transducers with a pressure range of 3500 kPa (F.S.) and 100 kPa with an accuracy of 0.1% F.S. were employed. The pressure within the sample cell was adjusted to 5 × 10 -3 mm Hg before starting the measurements. The weights of CMS and LiLSX placed in the sample cell were 3.508 g and 4.583 g, respectively.
The dead volume, V d , was determined by averaging out the dead volume measuring values against the pressure ranges 1000-3000 kPa: 
The adsorbent used was regenerated within the sample cell and subsequently cooled down prior to commencing measurements.
Breakthrough measurements
To enable breakthrough measurements, we have constructed the laboratory apparatus shown in Figure 2 . The SS adsorption column (length, 775 mm; i.d., 52 mm) was packed with LiLSX and fitted with assorted SS-tubing, transducers and other necessary equipment, including dish ends at the inlet and outlet for flow re-distribution. Two spring-loaded SS-15 micron filters were used to maintain the adsorbents compact inside the column and to eliminate dust ingression from the interconnecting tubing. The o.d. of the inlet connection was 1/2″ while that of the outlet was 1/4″. SS-tubing with an o.d. of 1/16″ was used for connecting the micro gas chromatograph (Varian CP 4900) with the thermal conductivity detector to allow on-line analysis of the effluent. The gas chromatograph was set in automatic mode so that the effluent gas was analysed at 60-s intervals. The flow rate of the effluent was displayed by the mass flow meter situated at the outlet. Solenoid valves were employed to direct the flow into and out of the column at a pre-set time. A needle valve was provided at the outlet to control the pressure level within the bed and two pressure transducers were installed at the top and bottom of the bed to record the pressure of the influent and effluent. The feed flow rate was controlled by a combination of a mass flow controller and a pressure regulator. Prior to operation, the LiLSX zeolite bed was regenerated by heating at 200 o C for 10 h under vacuum conditions and then allowed to cool down to ambient temperature (25 o C). The bed was then purged with helium until a steady baseline was obtained on the micro gas chromatograph. The feed gas mixture was then introduced into the bed through the inlet. Breakthrough curves were obtained for flow rates of 1 SLPM and 2 SLPM at feed gas pressures of 300 kPa and 500 kPa, with the temperature of the bed being maintained at 25 o C.
In addition, computer simulations were carried out using a ProSim DAC package with the same feed composition to also observe the nature of the breakthrough behaviour of He, N 2 and O 2 on LiLSX (Bulow et al. 2002) . The simulation results were found to agree well with the experimental data.
RESULTS AND DISCUSSION
Pure gas adsorption experiments
Figures 3 and 4 depict the equilibrium isotherms obtained for pure gas adsorption employing LiLSX and CMS, respectively, as adsorbents at ambient temperature (~ 25 o C) and equilibrium pressures of N 2 and O 2 . Both isotherms can be described by the Langmuir equation (Santos et al. 2007) . It was found that the adsorption capacity of LiLSX towards N 2 was greater than that for O 2 ; in contrast, the adsorption capacity of CMS towards O 2 was greater than that towards N 2 . From the equilibrium isotherm, it was observed that N 2 adsorption onto LiLSX was 23.75 mᐉ/g at an equilibrium pressure of 500 kPa. However, at the same pressure, only 15 mᐉ/g N 2 was adsorbed onto CMS. This clearly indicates that LiLSX was a better adsorbent than CMS for the removal of N 2 ; however, the adsorption of O 2 was relatively greater for CMS than for LiLSX (Shen et al. 2001) . From the adsorption equilibria, it was possible to calculate the Langmuir constants, surface diffusion coefficients, mass-transfer coefficients and separation factors. The corresponding values are listed in Table 2 . The Langmuir constants were obtained using the following equation:
where P is the adsorption pressure, V a is the amount adsorbed, V m is the monolayer volume and B is the Langmuir constant. Following the Linear Driving Force (LDF) model, the mass-transfer coefficient, K s a p , may be obtained as:
where q * may be obtained from the linear equilibrium equation as:
and the adsorption operating equation for the fixed volume method may be written as:
Figure 5 overleaf shows the relationship between the adsorption isotherm and the batch adsorption operating line. Solving equations (5), (6) and (7) for the adsorption rate equation, the linear equilibrium equation and the batch adsorption operating equation, respectively, we can obtain the Crank equation as follows: 
where α is the separation factor. Equation (8) allows the surface diffusion coefficient (D s ) to be obtained as well as the separation factor α (= adsorbate in the gaseous phase/adsorbate in the solid phase) for the respective gases relative to LiLSX and CMS. The corresponding values are listed in Table 2 .
Multi-component gas adsorption experiments
In the multi-component adsorption experiment, the behaviour of both LiLSX and CMS towards the adsorption of the prescribed ternary mixture comprising He, N 2 and O 2 was examined. The relative adsorptivities of N 2 and O 2 from a mixed gaseous phase onto LiLSX and CMS at ambient temperature (ca. 25 o C) and pressures of 200 kPa and 400 kPa are depicted in Figures 6 and 7 , respectively. These data proved to be quite useful for formulating the optimum scheme and conditions relevant to a PSA system for separating He from a gaseous mixture.
One of the important observations made from Figure 6 and 7 is that the amounts of N 2 adsorbed at a pressure of 400 kPa from the mixture were 19 mᐉ (STP)/g and 12 mᐉ (STP)/g onto LiLSX and CMS, respectively. Similarly, for the single-component N 2 (pure) gas, the amount adsorbed onto LiLSX and CMS were 21.5 mᐉ (STP)/g and 14 mᐉ (STP)/g, respectively. The enhanced selectivity of LiLSX towards pure N 2 as opposed to N 2 in the mixed gas was due to the competitive nature of adsorbate-adsorbent interactions amongst the constituent gases. The presence of O 2 and He in the mixed gas would be likely to prevent N 2 molecules from accessing all the available sites on the adsorbent (LiLSX) by virtue of the relative entropies and free energy. Das et al./Adsorption Science & Technology Vol. 28 No. 3 2010 Figure 5 . Relationship between the adsorption isotherm and the fixed volume operating line. The amounts of O 2 adsorbed from the gaseous mixture onto LiLSX and CMS at a pressure of 400 kPa were found to be 9.3 mᐉ (STP)/g and 13.5 mᐉ (STP)/g, respectively. From studies of the adsorption of pure O 2 gas, it was noted that O 2 adsorption onto LiLSX and CMS at a pressure of 400 kPa was 8.0 mᐉ (STP)/g and 15.0 mᐉ (STP)/g, respectively. The small reduction in the adsorption of O 2 from the mixed gas onto LiLSX and CMS may be attributed to the competitive nature of the gas-solid interactions.
It is interesting to compare the single-component isotherms obtained in the absence of He depicted in Figures 3 and 4 with those for the ternary mixture depicted in Figures 6 and 7 . The data depicted in Figure 3 show that the adsorption capacity of LiLSX for N 2 was higher than that for O 2 , while the data recorded in Figure 4 show that the adsorption capacity of CMS for O 2 was better than that for N 2 at a given pressure and temperature. The isotherms depicted in Figures 6  and 7 show that, under mixed conditions, LiLSX adsorbed more nitrogen than oxygen, while CMS adsorbed more oxygen than nitrogen under the same adsorption pressure. Hence, LiLSX stands out as the superior adsorbent for the adsorption of N 2 whereas CMS is more suitable for the adsorptive removal of O 2 .
Breakthrough observations
The breakthrough profiles for the ternary mixture with LiLSX presented in Figures 8 and 9 have the same flow rate (1 SLPM) for the feed stream. However, whereas the data depicted in Figure 8 correspond to a pressure of 300 kPa, those in Figure 9 correspond to a pressure of 500 kPa. In Figure 8 , the breakthrough times for O 2 and N 2 are 20 min and 50 min, respectively. However, 290
N.Kr. Das et al./Adsorption Science & Technology Vol. 28 No. 3 2010 increasing the pressure to 500 kPa, as in Figure 9 , increased the breakthrough times for O 2 and N 2 to 30 min and 60 min, respectively. This shows that the higher the adsorption pressure, the longer is the breakthrough time. Figures 9 and 10 correspond to the same pressure (500 kPa) but different flow rates of 1 SLPM and 2 SLPM, respectively. Figure 9 shows that the breakthrough time for O 2 was 27 min while that for N 2 was ca. 60 min at 1 SLPM, whereas in Figure 10 the corresponding breakthrough times were 7 min for O 2 and 20 min for N 2 . This difference is due to increasing the flow rate from 1 SLPM to 2 SLPM with a pressure of 500 kPa. Hence, it appears that the higher the flow rate, the shorter is the breakthrough time at a given pressure. Based on the results of these breakthrough experiments, the cyclic PSA experiments were conducted under operating conditions having a feed flow rate of 2 SLPM at a feed pressure of 500 kPa.
Single-column PSA system
On the basis of the adsorption isotherms and breakthrough measurements, we have constructed a six-step single-column PSA system for separating He out of a ternary gas mixture using LiLSX as the adsorbent. A schematic representation of this single-column PSA system is shown in Figure 11 . A vacuum pump was installed at the bottom of the bed for evacuation and a buffer vessel at the top of the bed to facilitate purging and re-pressurisation with the light product. The PSA for He purification was conducted under the following conditions: adsorption pressure, 500 kPa; feed flow rate, 2 SLPM; low pressure (evacuation) at 5 kPa; temperature, 25 o C. The six steps employed in the PSA system were: Figure 11 . Single-column PSA system: 1, feed gas cylinder; 2, pressure regulator; 3, flow controller; 4, solenoid valve; 5, pressure transducer; 6, adsorption column; 7, needle valve; 8, micro GC; 9, flow meter; 10, buffer vessel; 11, vacuum pump. In the present case, the optimum feed time, flow rate and working pressure in a PSA process was found to be crucial and had a great effect on the quality of the desired product. Of the various feed times examined, the results of two typical runs are given in Figures 12 and 13 , respectively. For better recovery, the blow-down and evacuation times are quite important in the single-column PSA process. Figures 12-14 illustrate the change of product concentrations produced under different adsorption, regeneration and purging times. This brings about a relative smoothness in the concentration of He at the outlet of the PSA column (Figure 14) . Table 4 summarises the time sequence for each run. 
CONCLUSIONS
For the purpose of purifying helium, two widely used adsorbents (LiLSX and CMX) have been characterised on the basis of adsorption studies employing volumetric measurements. The adsorption capacity of LiLSX towards N 2 was found to be 19 mᐉ/g at an equilibrium pressure of 400 kPa in the mixed phase while that of the same adsorbent towards O 2 was 9.3 mᐉ/g. Similarly, the adsorption capacity of CMS towards pure N 2 was 21.5 mᐉ/g at an equilibrium pressure of 400 kPa while that for pure O 2 was 7.5 mᐉ/g at the same pressure. These values indicate that LiLSX would be an ideal adsorbent for the separation of He from a gaseous N 2 /O 2 /He mixture. The breakthrough times were found to have a significant influence on the separation of He at various pressures and feed gas flow rates. For the pure gases as well as for the gaseous mixture, LiLSX was shown to adsorb more N 2 than O 2 , whereas CMS adsorbed more O 2 than N 2 at the same equilibrium pressures. For these reasons, LiLSX is a superior adsorbent for the adsorption of N 2 compared with CMS and should be used to eliminate N 2 from gaseous mixtures. In contrast, CMS is more suitable for the elimination of O 2 . A He product purity of 98.3% was achieved by a single-column PSA unit when the He concentration in the gaseous mixture was 30%. 
